Introduction

Comparisons
of nuclear genome sizes and numbers of loci encoding isozymes and other proteins in a variety of chordates led Ohno (1970) to propose that episodes of large-scale gene duplication had occurred during the evolution of the group. The more recent discovery that many genes involved in the control of development are members of multigene families with more representatives in vertebrates than in invertebrates has led to increased interest in documenting the patterns of gene duplication in chordate evolution (Holland 1992; Holland et al. 1994) . The sizes of some of these families, coupled with the difficulty in determining gene number in a large sample of taxa, suggest the value of continued examination of smaller, more extensively studied gene families in detecting episodes of gene duplication in chordate evolution. One such gene family encodes L-lactate dehydrogenase (L-LDH, E.C. 1.1.1.27), which catalyzes the interconversion of pyruvate (the end product of glycolysis) and L-lactate with the concomitant interconversion of NADH and NAD+ (Markert 1984) . Extensive surveys of LDH locus number, expression pattern, kinetic properties, and immunochemical similarities in representatives of the major taxa of jawed vertebrates (Marker& Shaklee, and Whitt 1975; Fisher et al 1980; Whitt 1984) have suggested that they all possess orthologs of Ldh-A and Ldh-B. LDH-A is expressed pre-dominantly in white skeletal muscle and is kinetically suited to the reduction of pyruvate to lactate under conditions of low oxygen availability, while LDH-B is predominantly expressed in more aerobic tissues and is tailored to the oxidation of lactate to pyruvate (Markert 1984 ). An additional locus encoding an isozyme with more variable kinetic properties (LDH-C) is expressed in the sperm of mammals and columbid birds and in a variety of tissues or the liver or eye of ray-finned fishes (Markert, Shaklee, and Whitt 1975) . Jawless fishes possess either a single locus (lampreys) or, in the case of hagfishes, two loci with tissue expression patterns similar to those of jawed vertebrate Ldh-A and Ldh-B (Markert, Shaklee, and Whitt 1975) . Markert, Shaklee, and Whitt (1975) proposed that an initial gene duplication gave rise to Ldh-A and Ldh-B early in vertebrate evolution and that Ldh-C is the result of a more recent duplication. Subsequent phylogenetic analyses of vertebrate LDH sequence data have supported some aspects of this "traditional" scenario for LDH evolution and challenged others (Li et al. 1983; Hendriks et al. 1988; Crawford, Constantino, and Powers 1989; Stock and Whitt 1992; Quattro, Woods, and Powers 1993; Tsuji et al. 1994; Quattro et al. 1995) . Some points that remain controversial or poorly resolved are the phylogenetic position of the LDH-Cs, the relationship of cyclostome LDHs to gnathostome LDHs, and the monophyly of gnathostome LDH-As. The former two issues involve the earliest duplication events leading to the multigene family in vertebrates. Such duplications would be further elucidated by an examination of the relationship of invertebrate and protochordate LDHs to those of vertebrates. To date, the only complete LDH sequence available from an invertebrate animal is that of the nematode Caenorhabditis elegans (Tsoi and Li 1994), a represen-tative of a group that is quite distant from vertebrates. Among protochordates, tunicates and amphioxus have been reported to possess single LDH loci (Fisher et al. 1980; Baldwin, Mortimer, and Patak 1988) . Immunochemical analyses and comparisons of amino acid composition were interpreted as evidence that tunicate LDH was more closely related to the LDH-C of a teleost fish than to either LDH-A or LDH-B (Baldwin, Mortimer, and Patak 1988) , while Fisher et al. (1980) suggested that the single-locus condition of amphioxus and tunicates predated the divergence of these groups from vertebrates. We have attempted to provide additional resolution of the early duplication history of chordate LDHs by cDNA sequence determination and phylogenetic analysis of an LDH locus from the tunicate Sty& plicata.
Materials and Methods
RNA Extraction
Adult specimens of the tunicate Styelu plicata were obtained from Gulf Specimen Company (Panacea, Fla.) . A section of the body wall was cut from a single specimen, and the inner and outer surfaces were removed with a scalpel. The remaining portion was ground to a fine powder in liquid N2 using a mortar and pestle. Total RNA was extracted from 2 g of powdered tissue by homogenization in the presence of sodium tri-isopropylnaphthalene sulfonate followed by phenol/chloroform extraction, ethanol precipitation, and precipitation from sodium acetate, as previously described (Stock et al. 1991) .
Reverse Transcription
Total RNA was reverse transcribed with MMLV reverse transcriptase and either random hexamers or a dT adaptor primer (5'-GATGCTGCAGAGCTCAAGC(T)is-3') as described by Stock and Powers (1995) .
RT-PCR Amplification of Internal Fragment of Styela Ldh
A number of degenerate PCR primers (designed from an alignment of bacterial and vertebrate LDH protein sequences- Stock and Whitt 1992; Stock and Powers 1995) were tested for their ability to amplify a product of the expected size from Styela first-strand cDNA. Of these degenerate primers, only Ldhll3FhF (5'-GCGAATTCGTNGGNATGGCNTGYGCNRT-3', where the underlined sequences indicate restriction sites, and ambiguous bases are indicated by the appropriate IUPAC codes) and LdhB736FhR
(S'-GCCGCTGCA-GCCCANBWNGTRTANCCYTT-3') amplified a fragment of Styela L+dh. The sequence obtained from this fragment was used to design gene-specific primers for additional RT-PCR (S'-GCCGGAGCTCAAGGT-GAAGTAATGGACT-3  ', used in combination  with  primer LdhB736FhR) and RACE amplifications (see below). Conditions for RT-PCR were as described by Stock and Powers (1995) . Weak bands were reamplified in a similar PCR reaction using as a template either a dilution of a band cut from a low-melting-point agarose gel (NuSieve-FMC) or the DNA adhering to a syringe needle stabbed into a band of the expected size (band stab technique of Bjourson and Cooper 1992) .
RACE Amplification of the 3' End of Styela Ldh
The 3' end of the Styelu LDH cDNA was amplified by 3' RACE, essentially as described by Frohman (1990) . A dT-adaptor reverse transcription was used as the template for an initial PCR with an adaptor primer (5'-GA- and the gene-specific primer 5'-GCCGGAGCTCGRTGGMCCWGAAGGY-TGGGA-3'. PCR conditions were as described by Stock and Powers (1995) . The initial PCR was then used as a template for a second PCR with the adaptor primer 5'-GATGCTGCAGAGCTCAAG-3' and the gene-specific primer 5'-GCCGGAGCTCACAYAARCARGTYRTY-GATG-3'.
RACE Amplification
of the 5' End of Styela Ldh 5' RACE amplification followed Frohman (1990) . RNA was reverse transcribed with the degenerate LDH primer 5'-GCCGCTGCAGTCNACNACYTGYTTRTG-3'. The first-strand cDNA was tailed with dATP using terminal deoxynucleotidyl transferase. PCR amplification of the dA-tailed template was with the gene-specific primer 5'-GCCGCTGCAGTGGCCGATACGGAG-TAATCT-3', the dT adaptor primer, and one of the adaptor primers used above. The PCR reaction was subjected to electrophoresis on an agarose gel, and the band stab technique (Bjourson and Cooper 1992) was used to reampufy a faint band of the expected size with the nested LDH primer 5'-GCCGCTGCAGCCRTGYTGNA-RRTCCAT-3' and the same adaptor primer as in the first reaction.
Cloning PCR products were cloned into Ml3 mp18 and mp 19 or pBluescript KS+ and KS -(Stratagene) using standard procedures (Sambrook, Fritsch, and Maniatis 1989) . PCR products were either digested with restriction enzymes (recognizing sites at the 5' ends of the primers or in the region between the primers), made blunt-ended with the Klenow fragment of DNA polymerase I, or cloned directly using the t-vector technique (Marchuk et al. 1991) .
Sequencing
Single-stranded DNA for sequencing was either extracted from Ml 3 phage particles or obtained from pBluescript-containing cultures infected with VCSM13 helper phage (Stratagene) according to Sambrook, Fritsch, and Maniatis (1989) . DNA sequencing was by dideoxy chain termination using a modified T7 DNA polymerase (Sequenase, version 2.0, United States Biochemicals). In order to minimize errors associated with the sequencing of cloned PCR products, each nucleotide was determined from at least six clones, with at least three sequences representing each strand.
Sequence Assembly and Alignment
The cDNA sequence of the LDH of Styelu plicata was assembled from the consensus of overlapping clones using the SEQMAN contig assembly program in the DNASTAR package (DNASTAR, Inc.). The sequence described in this paper has been deposited in GenBank under accession number AF023168 ( fig. 1 ). Additional lactate dehydrogenase sequences were obtained from the GenBank (release 92) or PIR database. D-LDHs (E.C. 1.1.1.28) were not included in the analyses, as they represent an, at best, distantly related protein family or families (Kochhar et al. 1992 
Phylogenetic Analyses
Positions l-44 in the alignment of LDH sequences ( fig. 2) were omitted from all analyses because of the difficulty in obtaining a reliable alignment of this region. Phylogenetic analyses were conducted using both neighbor-joining and parsimony methods. Amino acids were used as characters in both types of analysis because of the large amount of sequence divergence among some of the taxa and the fact that we were interested in early branching events in LDH evolution (Kumar, Tamura, and Nei 1993) . Neighbor-joining trees were constructed from pairwise amino acid distances (gamma corrected with a = 2.0) using the MEGA package of programs (Kumar, Tamura, and Nei 1993) . Parsimony analyses were conducted with PAUP, version 3.0s (Swofford 1991), and in most analyses, amino acids were treated as unordered characters with all possible transformations weighted equally. Preliminary analyses with amino acid replacements weighted according to the minimum number of nonsynonymous nucleotide substitutions required (PROTPARS weighting-Felsenstein 1993) gave similar results but were not pursued extensively because of the computational time required. Parsimony analyses with equal weighting were performed with 100 random addition sequences of taxa and TBR branch swapping (Swofford 1991), while those with PROTPARS weighting used 20 random addition sequences.
The CON-STRAINTS feature of PAUP was used to determine the lengths of the shortest trees matching a number of alternative phylogenetic hypotheses, In the case of constrained analyses using PROTPARS weighting, the PROTPARS program of the PHYLIP package (Felsenstein 1993) was used to test whether the length differences between constrained trees and the best unconstrained tree were significant according to the method of Templeton (1983) . Bootstrapping was used to assess the degree of support for particular nodes. Neighborjoining analyses were conducted with 500-1,000 bootstrap replications, and bootstrap parsimony analyses were conducted with 10 replications of a random addition sequence for each of 100 bootstrap replications.
Nucleotide sequences were translated into protein sequences according to the authors' feature specifications. An alignment of amino acid sequences was constructed using CLUSTAL W (Thompson, Higgins, and Gibson 1994) and the default settings. Length variability among chordate LDH sequences in this alignment was limited to the amino terminal arm (positions l-43 in fig.  2 , as defined by Li et al. 1983 ) and the extreme carboxy terminus. No attempt was made to improve the alignment of the former region because of extensive sequence variability, but the alignment of the later region was adjusted manually. Invertebrate and plant LDH sequences require the addition of only a few additional gaps to the alignment of chordate LDHs, but the alignment of bacterial and protist sequences appeared less reliable. Rather than attempting additional alignment methods or parameters, we conducted phylogenetic analyses with and without the latter two groups of LDHs.
Results
Features of Styelu Ldh
The 1,168-nt cDNA sequence of S. plicatu LDH is shown in figure 1 . Three of 10 clones of the 3' end had an additional 10 nucleotides before the poly-A tail (not shown). No consensus polyadenylation signal (Sheets, Ogg, and Wickens 1990) was found in either class of clone, suggesting that the reverse transcription primer may have bound upstream of the true poly-A tail. Of the sites at which nucleotide differences from the sequence shown in figure 1 were found in individual clones of PCR products, only seven exhibited the same difference in more than one clone. Two of these differences occurred in the 3' untranslated region (positions 116 1 and 1164), three were silent (positions 923, 97 1, and 1037), and only two encoded different amino acids (N and P at nucleotide positions 454 and 583, respectively). These latter two differences were only found in 2 of 11 and 3 of 15 clones and may have been PCR errors. Two of the silent differences (positions 923 and 971) may be the result of heterozygosity, as two bands of relatively equal intensity were seen at these positions on autoradiographs of directly sequenced (uncloned) independent PCR products (data not shown).
The Styelu LDH protein that we inferred from the nucleotide sequence (assigning the start codon according to the properties of vertebrate translation start sites listed by Kozak 1996) is 338 amino acids long including the initial M; vertebrate LDHs, in comparison, range from 332 to 334 amino acids in length. The additional length of the tunicate sequence is in the N-terminal arm (AbadZapatero et al. 1987 and included references), a region that has previously been shown to also exhibit the greatest degree of sequence variability among vertebrate LDHs and is reduced or absent in bacterial sequences (Li et al. 1983 ). The only other region of length difference among chordate LDHs reported to date is near the carboxy terminus (fig. 2) ; at the penultimate position, all vertebrate LDH-Bs and the LDH-B-derived teleost fish LDH-C (Quattro, Woods and Powers 1993) exhibit an extra amino acid that is missing in mammal LDH-Cs, lamprey LDH, and all vertebrate LDH-As. Styelu LDH, like that of the nematode and the less reliably alignable plant LDHs is also missing an amino acid at this position. The tunicate sequence, with its greater similarity to vertebrate sequences in this region, provides additional evidence that the absence of the amino acid is the primitive condition and that the amino acid was added in the common ancestor of LDH-Bs and teleost fish LDH-C. Interestingly, there are no reversals of this character evident in the vertebrate sequences examined to date.
Summaries of the pairwise sequence identities of LDHs are shown in table 1. Styelu LDH is approximately equally similar to all vertebrate LDHs, with the highest similarities to certain LDH-As and the lowest to mammalian LDH-Cs. The lowest within-vertebrate similarity is lower than some of the similarities of vertebrate and Styela LDH. Compared to other groups outside the Vertebrata, Styela-to-vertebrate similarities are approximately the same as those between nematode and vertebrate LDH, and greater than those between plants and vertebrates, apicomplexans and vertebrates, and bacteria and vertebrates.
Nonorthologous LDHs of Apicomplexan Protists and Cyanobacteria
A neighbor-joining analysis of 54 LDH sequences is shown in figure 3 . The tree has been rooted at the midpoint; it cannot be rooted in a manner that makes eukaryotic LDHs a monophyletic group because of the clustering of the cyanobacterial Synechocystis LDH with the Apicomplexan protist LDHs of Plasmodium and Toxoplasma and the location of this group on a branch uniting Bifidobacterium LDH and all other bacterial LDHs. The node uniting Synechocystis with Plasmodiurn and Toxoplasma is very strongly supported (100% bootstrap support). This result, along with the location of the midpoint root, suggested to us that these three LDHs might not be orthologous to the other LDHs in the tree. A search of GenBank using BLASTP revealed that the closest matches to these sequences were to the malate dehydrogenases (MDH, E.C. 1.1.1.37) of three eubacteria (Bacillus subtilis [Jin, de Jesus-Berries, and Sonenshein 19961, Bacillus sp. [Wynne et al. 19961 , and Chlorojlexus aurantiacus [Synstad, Emmerhoff, and Sirevag 19961) . The cytoplasmic and mitochondrial MDHs of eukaryotes and eubacterial MDHs have been shown to be related to L-LDHs in both sequence and, especially, three-dimensional structure (Birktoft et al. 1982) . Sequence comparisons suggested that LDHs and MDHs represent two distinct groups whose members are more closely related among themselves than to members of the other group (Iwabe et al. 1989) . Recently, an MDH from the archaebacterium HuZoarcuZa marismortui was cloned that exhibits greater sequence similarity to LDHs than to other MDHs (Cendrin et al. 1993) . The MDHs of the three eubacteria mentioned above appear to exhibit a similar relationship to LDHs (Jin, have been identified as LDHs only by sequence similarity to Plasmodium LDH (Kaneko et al. 1995; Yang and Parmley 1995) . Regardless of whether the "LDHs" of Plasmodium, Toxoplasma, and Synechocystis actually function as LDHs or MDHs, we suggest that they are not orthologous to the other LDHs in figure 3 . Strong support for this hypothesis is provided by the presence in B. subtilis of a conventional LDH (Fig. 3 ) in addition to the LDH-like MDH described above.
Phylogeny of Eukaryotic LDHs
The midpoint rooting of figure 3, which supports a monophyletic group of nonprotistan eukaryotic LDHs distinct from bacterial LDHs, is consistent with the results of simultaneous analysis of LDH and MDH (Iwabe et al. 1989 ). This monophyletic group of plant and animal LDHs was found in 100% of the bootstrap NJ trees. Plant LDHs also form a monophyletic group with 100% bootstrap support, although this is not surprising given that all of the species are members of the family Poaceae. The monophyly of animal LDHs was found in 99% of the bootstrap NJ tree. All of the above clusters were also found in parsimony analyses (not shown).
Phylogenetic
Position of Styela LDH
The phylogeny of the LDHs of the three animal phyla matches that of the organisms. In the tree in figure  3 , nematode LDH clusters outside of urochordate (Styela) and chordate LDHs, but with only moderate bootstrap support (60%). Figure 3 shows significant support (97% of the bootstrap trees) for Styelu LDH being outside of a monophyletic group of all of the vertebrate LDHs. This result indicates that all of the gene duplications within the vertebrates examined occurred after the divergence of tunicates and vertebrates.
In an attempt to provide increased resolution of the relationships of tunicate and vertebrate LDHs, we conducted a neighbor-joining analysis without the more distantly related and less reliably alignable bacterial and protistan LDHs and have rooted the resulting tree between plant and animal LDHs (fig. 4 ). Such an analysis shows higher support for the theory that the tunicate LDH is more closely related to vertebrate LDH than is nematode LDH (92% bootstrap support), but lower support for the monophyly of vertebrate LDHs (87% of the bootstrap trees).
We used maximum-parsimony analyses to evaluate the relative support for alternative hypotheses on the phylogenetic relationships of tunicate LDH ( fig. 4 and table 2). It has been suggested based on immunochemical comparisons that tunicate LDH is most closely related to LDH-C and lamprey LDH (Baldwin, Mortimer, and Patak 1988) . These authors assumed that mammal and fish LDH-Cs were orthologous, although this relationship was strongly contradicted by a subsequent phylogenetic analysis of a teleost LDH-C sequence (Quattro, Woods and Powers 1993). Not surprisingly, given this latter result, the forced grouping of Styela LDH, lamprey LDH, and mammal and fish LDH-Cs required a large number of extra steps (31 for equal weighting, 46 for PROTPARS weighting) relative to the most parsimonious trees and in the case of PROTPARS weighting was significantly worse as judged by the method of Templeton (1983) . Relaxing the requirement that mammal LDH-C be a part of this cluster (Baldwin, Mortimer, and Patak's [1988] immunochemical data were based on fish LDH-C) still results in trees significantly worse than unconstrained trees. Clustering of tunicate LDH with mammalian LDH-Cs could also be rejected, but a specific relationship with fish LDH-C could not. Additional phylogenetic positions of the tunicate LDH inside the vertebrate LDH clade (not necessarily suggested by any authors) were also evaluated with respect to the number of extra steps. The clustering of the tunicate LDH with gnathostome LDH-B and teleost LDH-C required the fewest additional steps. Hypotheses clustering Styela LDH with LDH-C remained among the least likely.
Phylogeny of the Vertebrate LDHs
The phylogenetic relationships among vertebrate LDHs were investigated with plant and invertebrate outgroups as shown in figure 4. Parsimony and neighborjoining analyses gave similar topologies, although the bootstrap values were generally higher with neighborjoining. The values discussed below are from this latter analysis. A branch uniting all of the jawed vertebrate (gnathostome) LDH-Bs as well as teleost fish (killifish) LDH-C, Xenopus LDH-A, and Xenopus LDH-C was found in 90% of the bootstrap trees. The tree topology supports a number of gene duplications within this clade. Ninety-three percent of the bootstrap trees support a derivation of teleost LDH-C from teleost LDH-B after this group diverged from tetrapods, as initially proposed on immunochemical grounds (Whitt 1969; Marker-t, Shaklee, and Whitt 1975) and subsequently supported at the protein sequence level (Quattro, Woods, and Powers 1993) . Two duplications are also indicated (with 100% bootstrap support) in the Xenopus lineage after it diverged from amniotes. One is likely to be the result of tetraploidy (Kobel and Du Pasquier 1986) , while the other may be a gene duplication postulated by Wolff and Kobel (1982) . Stock and Powers ( 1995) concluded from similar results that LDH-A and LDH-C have been incorrectly designated in Xenopus, with LDH-A probably remaining to be cloned. Aside from these likely dupli- tree of 54 LDH sequences. The tree is rooted at the midpoint of the longest path length. Amino acid distances were calculated with a gamma correction (a = 2). Alignment positions l-44 were omitted from consideration, and the pairwise deletion option of MEGA was used to treat alignment gaps. Numbers at nodes indicate the results of a bootstrap analysis with 1,000 replications. Bootstrap support within mammal LDH isozymes has been omitted for clarity. Numbers in a larger font indicate the support for the interrelationships among the major groups of eukaryotic LDHs.
cations, the phylogeny of the LDH-B genes matches the well-accepted organismal phylogeny of (teleost fish, (frogs, (birds, (mammals)))).
Although LDH-Bs and their derivatives form a well-supported clade in figure 4 , the sister group of this clade (lamprey LDH + gnathostome LDH-A + mammal LDH-C) is found in only 47% of the bootstrap trees. Within this latter group, there is strong support, however, for the theory that mammalian LDH-Cs are derived from within LDH-A. The strongest contradiction of the proposals that LDH-C is the earliest divergence among vertebrate LDHs (e.g., Li et al. 1983 Mannen et al. 1996 ) is provided by the node uniting dogfish shark LDH-A with mammal LDH-C and tetrapod LDH-A (96% bootstrap support). Further support for a derivation of mammalian LDH-Cs from LDH-A is provided by the node uniting them with chicken and mammal LDH-As (80% of the bootstrap trees). Mammalian LDH-Cs are specifically placed as the sister group of bird and mammal LDH-As (77% bootstrap support), a position that requires gene losses in a number of amniote groups, as discussed by Matson (1989) . This grouping may be due to a rapid rate of evolution of LDH-C, which is obvious from inspection of the within-mammal divergences relative to those of LDH-A and LDH-B ( fig. 4; Whitt 1984) . A clustering of mammal LDH-C and mammal LDH-A, which does not require additional gene losses, is found analysis conducted as described in figure 3 . Numbers above the nodes indicate the results of a bootstrap neighbor-joining analysis with 1,000 replications. Numbers below the branches indicate the support obtained in a bootstrap parsimony analysis. Some sequences with close relatives were deleted from the parsimony analyses to reduce the amount of time required; these were cattle LDH-A, pig LDH-A, rabbit LDH-A, rat LDH-A, Xenopus LDH-B, duck LDH-B, pig LDH-B, and barley LDH-B. Three most-parsimonious trees were found with 100 replications of a random addition sequence and TBR branch swapping (Swofford 1991). These differed from the topology shown by placing mammalian LDH-Cs within or as the sister group of mammalian LDH-As (the only aspect of the three trees in which they differed among each other) and by grouping killifish LDH-A with lamprey LDH. The bootstrap parsimony results indicated were obtained with 100 bootstrap replications, each with 10 replications of a random addition sequence and TBR branch swapping.
in the most parsimonious trees and in 48% of the bootstrap trees from a maximum-parsimony analysis (not shown).
The phylogeny of gnathostome LDH-A and lamprey LDH (suggested to be orthologous to LDH-A by Stock and Whitt [1992] ) in figure 4 does not match the generally accepted phylogeny of the organisms; moving the LDH-A of the killifish to a sister group relationship with tetrapod LDH-A would bring the two phylogenies into agreement. Such a position of the killifish LDH-A is contradicted by two weakly supported nodes (47% and 48% bootstrap support) and one strongly supported one (96% bootstrap support). The additional gene duplications and losses required by the tree in figure 4 over a tree matching the organismic phylogeny have been discussed by Tsuji et al. (1994) , Quattro et al. (1993, and Stock and Powers (1995) .
Discussion
Gene Duplications
Leading to Multiple Vertebrate LDHs Occurred After the Divergence of Tunicates and Vertebrates Our analyses strongly support a sister group relationship between the LDH of Styela plicata and a clade consisting of all of the vertebrate LDHs that have been sequenced to date (those of lamprey and jawed vertebrates). If it is assumed that the locus we sequenced is the only one encoding LDH in the genome of Styela (see below), then this phylogenetic result suggests that all of the LDH duplications represented by the present collection of vertebrate sequences occurred after the divergence of vertebrates and tunicates. This pattern of duplication is consistent with the hypotheses of Markert, Shaklee, and Whitt (1975) and Fisher et al. (1980) , which were formulated largely in the absence of sequence data. Our phylogenetic results strongly contradict the hypothesis of Baldwin, Mortimer, and Patak (1988) that tunicate LDH is more closely related to the LDH of lampreys and even more so to the LDH-C of mammals and teleost fish than it is to the LDH-A and LDH-B of jawed vertebrates. This hypothesis was based on immunochemical comparisons of the LDH of the tunicate Pyura stolonifera (distantly related to S. plicata) with the LDH-A, LDH-B, and LDH-C of a teleost fish, as well as on comparisons of amino acid compositions of tunicate and other vertebrate LDH isozymes. The lack of agreement of our phylogenetic conclusions based on sequence comparisons with earlier conclusions based on cruder immunochemical and amino acid composition analyses suggests that hypotheses on the relationships of echinoderm LDH (Baldwin, Patak, and Mortimer 1992) and hagfish LDHs (Baldwin, Mortimer, and Patak 1988 and included references) to the LDHs of lamprey and jawed vertebrates that are based on similar evidence are no longer persuasive.
LDH Locus Number in Tunicates and Other Invertebrate Groups
Our PCR amplifications of Styela L.dh did not provide any evidence for the existence of more than one locus in this species. A number of the primers we used are coniplementary to regions with amino acid sequences conserved among multiple vertebrate paralogs. This suggests that if the Styela locus we amplified were orthologous to a specific type of vertebrate LDH, then the primers would be capable of amplifying Styela genes orthologous to other vertebrate genes. However, amplification of additional loci may have failed for a number of reasons, including restricted expression or unique substitutions along the Styela lineage. A more systematic determination of the number of loci present is pos- a Constraints consisted of requiring the indicated group of sequences to be monophyletic with no other relationships specified inside or outside this group. See figure 4 for the sequences included in the analyses.
b Lengths of trees calculated with all amino acid transformations weighted equally. c Lengths of trees calculated with amino acid transformations weighted according to the number of nonsynonymous nucleotide substitutions required. d Asterisks indicate topologies judged to be significantly worse than the most parsimonious tree by the test of Templeton (1983) as implemented in PROTPARS (Felsenstein 1993) .
' e Unconstrained trees placed the tunicate outside of all vertebrate LDHs. sible with the characterization of LDH enzymatic activity; such investigations should detect additional loci that have diverged extensively in sequence but not in function. The most thorough study of this type in tunicates is that of Baldwin, Mortimer, and Patak (1988) on P.
stoloniferu.
Nondenaturing electrophoresis and histochemical staining of crude extracts of whole animals and a number of tissues revealed evidence for a single locus, as did analyses of purified LDH activity. Similar electrophoretic investigations of LDH activity suggest that echinoderms (Baldwin, Patak, and Mortimer 1992) and amphioxus (Fisher et al. 1980 ) also possess a single LDH locus. Assuming the generally accepted phylogeny (Peterson 1995) of (echinoderms, (tunicates, (amphioxus, (vertebrates) ))), the simplest explanation of these locus numbers and our phylogenetic results is that the ancestral state of deuterostomes (a single LDH locus) has been retained by echinoderms, tunicates, and amphioxus, while LDH duplications have occurred within vertebrates after their divergence from amphioxus. This hypothesis was proposed previously by Fisher et al. (1980) . ' If, in spite of evidence to the contrary, an additional tunicate LDH locus did exist, the implications for LDH evolution in vertebrates would depend on the phylogenetic position of the new locus in the LDH tree. Clustering with the existing tunicate locus would imply a duplication in tunicates after their divergence from vertebrates and would not alter hypotheses of the timing of vertebrate gene duplications.
Because of the phylogenetic position of the known tunicate locus, any other position of the new locus would require that one of the two types of loci was lost in all vertebrates. Placement of the new locus within the clade consisting of vertebrate LDHs would require the loss of at least one type of locus in the tunicate as well. In other words, even if an additional tunicate locus is discovered, it will not be possible to postulate that particular vertebrate duplications occurred earlier than the divergence of tunicates and vertebrates without also postulating a more complex pattern of gains and losses.
The Location of the Root in the Tree of LDHs
We described above the evidence that the LDHs of Synechocystis, Plasmodium, and Toxoplasma are not orthologous to the other LDHs in the tree and may in fact be more closely related to tetrameric MDHs. With the exception of a weakly supported node placing Bijidobacterium LDH closer to plant and animal LDHs than are other bacterial LDHs, the tree in figure 3 (rooted at the midpoint) depicts a phylogeny of the remaining LDHs corresponding to the organismal phylogeny of (bacteria, (plants, (nematodes, (tunicates, (vertebrates) )))). This provides support for a root separating monophyletic groups of bacterial and eukaryotic LDHs (joining an internal branch with 100% bootstrap support in fig. 3 ), as any other root position would require a greater number of gene duplication and loss events. The clustering of bacterial LDH outside of vertebrate LDHs has also been obtained in trees of LDHs rooted with MDH sequences (Iwabe et al. 1989; Cendrin et al. 1993; Wynne et al. 1996) . after its divergence from the other Bacillus species in the tree and the LDH-A and LDH-B of barley, which resulted from a duplication after the divergence of barley from the other two members of the family Poaceae ( fig. 3) . Although the number of LDH loci in invertebrates has not been well characterized, Drosophila melanogaster is believed to have a single locus for L-LDH (Alahiotis et al. 1983) , and the evidence for a single locus in an echinoderm (Baldwin, Patak, and Mortimer 1992) has been discussed above. A number of insects and molluscs are believed to lack LDH activity altogether, which would be loss events according to our phylogenetic trees (e.g., fig. 3 ). However, the biggest remaining question in the evolution of invertebrate LDHs relates to the orthology of the loci encoding the proteins or enzyme activities that have been described (Long 1976; Siebenaller et al. 1983 ). All of the LDH sequences that we have analyzed and all known chordate LDHs are specific for the Lstereoisomer of lactate (Whitt 1984) . A number of groups of invertebrates have D-LDHs, however, and the presence of D-or L-LDH appears to be mutually exclusive for any given taxon (Long 1976) . Sequence analyses have shown that bacterial D-LDHs form a separate family from L-LDHs that is much more distantly related to the latter than are MDHs (Kochhar et al. 1992) . No invertebrate D-LDH sequences are available to allow a determination of their relationship to L-LDH, although Siebenaller et al. (1983) suggested that the two types of LDH were not orthologous based on the sequence of a few short peptide fragments from a D-LDH of a horseshoe crab. If this hypothesis is correct, then L-LDH would have to have been lost and replaced by D-LDH at least four times in invertebrates (Long 1976) .
LDH Evolution from Bacteria to Vertebrates
Relationships Within Vertebrate LDHs
The relationships of vertebrate LDHs that we obtained in our analyses are generally consistent with those of Stock and Whitt (1992) , Quattro, Woods, and Powers (1993) , Quattro et al. (1995) , and Stock and Powers (1995) . There was strong support for the derivation of teleost LDH-C from LDH-B after the divergence of teleosts and tetrapods and a derivation of mammalian LDH-C from LDH-A. This contradicts other sequence analyses that suggested that LDH-C represents the earliest divergence among vertebrate LDHs (Li et al. 1983; Crawford, Constantino, and Powers 1989; Tsoi and Li 1994; Tsuji et al. 1994; Mannen et al. 1996) . The results of these analyses differed from ours largely in the location of the root of the vertebrate LDH tree. We conducted a series of phylogenetic analyses with varying subsets of outgroup sequences to the vertebrate LDHs (not shown) and obtained a root in or between mammalian LDH-Cs and other LDHs only with highly divergent sequences as outgroups. The analyses of Tsoi and Li (1994) and Mannen et al. (1996) , in which the position of LDH-C differed from ours with respect to topological relationships as well, were conducted with the unweighted pair-group with arithmetic mean (UPGMA) method, one that has been shown to be highly sensitive to unequal rates of evolution (Huelsenbeck and Hillis 1993) .
Our analyses also agreed with previous studies in providing strong support for recent duplications of LDH-B in Xenopus and the monophyly of a group consisting of LDH-B and its derivatives in teleosts and Xenopus. Although the lamprey LDH clusters with LDH-As as in the analyses of Stock and Whitt (1992) , this result was not strongly supported, and at least one node strongly contradicted the orthology of killifish LDH-A with tetrapod and shark LDH-As. Such a result was also obtained in other studies that included teleost LDH-A sequences (Tsoi and Li 1994; Tsuji et al. 1994; Quattro et al 1995) . This phylogenetic result cannot be brought in line with the orthology of LDH-As by rerooting the tree. Whether or not it is artifactual may be addressed by analyses of the LDH-As of other groups of primitive bony fishes.
The interrelationships of four major lineages of LDHs (shark LDH-A + tetrapod LDH-A + mammal LDH-C; teleost LDH-A, lamprey LDH, and jawed vertebrate LDH-Bs and derivatives) were not well resolved in our analyses, as indicated by low bootstrap support. The persistence of at least some of these low bootstrap values in the absence of an outgroup (analysis not shown) suggests that the sequence of more closely related outgroups (amphioxus is the only candidate invertebrate) will not by itself resolve all aspects of the phylogeny of vertebrate LDHs. The collection of additional vertebrate sequences may decrease or eliminate support for potentially artifactual groupings but is unlikely to result in their replacement with strongly supported alternatives. The resolution of the phylogeny of vertebrate LDHs may require analyses more sophisticated than the rather simple methods we have used, such as the assignment of different expected rate categories to different sites and the consideration of structural or functional information in weighting changes.
Gene Duplications in Early Vertebrate Evolution
Regardless of the exact pattern of gene duplication leading to multiple LDH loci in vertebrates, our analyses suggest that all duplications occurred after the divergence of tunicates and vertebrates and that at least some of them occurred early in the diversification of vertebrates. This evolutionary pattern is the same as that suggested by Markert, Shaklee, and Whitt (1975) and Fisher et al. (1980) . In the latter study, it was specifically proposed that the earliest LDH duplications occurred in jawless vertebrates after the divergence of vertebrates from cephalochordates (amphioxus). Ohno (1970) proposed that extensive gene duplications had occurred at two or more points in chordate phylogeny, based largely on evidence from genome size estimates. The first of these episodes of large-scale gene duplication was proposed to have occurred in the lineage leading to amphioxus and vertebrates after the divergence of tunicates, and the second in the fish or amphibian ancestors of amniotes. Ohno suggested that the latter duplication was due to polyploidy but that the first may have been due either to polyploidization or extensive tandem duplication. Fisher et al. (1980) interpreted the evolution of four isozyme systems (including LDH) as indicating one or more rounds of polyplodization in the early vertebrate or prevertebrate lineage. Holland et al. (1994) and Sharman and Holland (1996) surveyed the phylogenetic relationships and number of loci encoding genes involved in the regulation of development and also concluded that widespread gene duplications occurred at two periods in chordate evolution. These authors proposed a slightly different timing for the duplication episodes than Ohno (1970) , however. The first phase was proposed to have occurred close to the origin of vertebrates after the divergence of this lineage from amphioxus, and the second near the origin of gnathostomes. Our results indicating that the duplication of LDH loci in vertebrates occurred after the divergence of tunicates is consistent with both the hypotheses of Ohno (1970) and of Holland et al. (1994) and Sharman and Holland (1996) . A more precise understanding of the timing of the duplications leading to multiple LDH loci and their relationship to the duplications of other genes awaits the sequencing of the LDHs of amphioxus and hagfish.
That the duplications leading to LDH-A and LDH-B involved large genomic regions is suggested by the linkage relationship of these two genes in mammals; mouse and human Ldh-Bs are located on chromsomes 6 and 12p, respectively, and mouse and human Ldh-As are located on chromosomes 7 and llp (Debry and Seldin 1996) . In both species, the chromosome segments containing Ldh-A and Ldh-B contain additional loci with paralogous relationships between the two regions, and it has been proposed that these chromosomal segments are ancestrally related, having arisen by a process such as polyploidization (Lundin 1993) . A relatively recent origin of mammalian Ldh-C from Ldh-A, as we have suggested based on phylogenetic analyses of LDH genes, is consistent with the close linkage of these two loci (perhaps within 100 kb- Stubbs et al. 1994) . Ldh-C and Ldh-A have also been shown to be linked in some fish species (Morizot 1990 ) despite evidence from sequence analyses that the former gene is closely related to Ldh-B. This latter result suggests that linkage arrangements in modern species may bear a complex relationship to gene duplication histories. Nevertheless, it would be interesting to compare phylogenies of chordate gene families containing paralogs linked to mammalian or fish LDH loci with the duplication history that we have proposed for the LDH gene family. Phylogenetic congruence between LDH and other linked gene families would provide additional evidence for our hypothesis.
